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Abstract—The problem of weighted sum-rate maximization
for hybrid architecture in millimeter wave communications with
dynamic time division duplexing is considered. We propose an
over the air pilot-aided direct beamforming estimation technique
for the considered problem, by exploiting the channel reciprocity.
Proper selection of analog precoder/combiner not only suppresses
large part of interference, but also ensures that less coordination
is required for digital precoder/combiner design. We design
analog precoder/combiner for each data stream in such a
way that its signal strength is maximized; this strategy also
minimizes large part of inter-stream interference that may arise
due to the main lobe of analog beamformer. Then we design
digital beamformer such that inter-stream interference is further
mitigated, maximizing the overall weighted sum-rate of the
network.

I. INTRODUCTION

Due to proliferation of smart wireless devices the demand
for wireless services with asymmetric uplink (UL) and
downlink (DL) traffic is ever increasing. In traditional wireless
networks with frequency division duplexing (FDD), the
UL and DL capacity is determined by fixed frequency
allocation [1]. Thus, FDD based systems often lead to poor
spectrum utilization in case of asymmetric UL/DL traffic. In
time division duplexing (TDD), it is possible to change the
UL and DL capacity ratio dynamically according to the need,
improving overall spectrum utilization of the network [2], [3].
Thus, dynamic TDD is becoming an essential feature for the
emerging wireless communication standards [4].

In dynamic TDD systems, a same time-slot can be used for
UL/DL transmissions in adjacent cells; unfortunately which
also induces complicated interference scenarios [2], [3]. That
is, in addition to DL-to-DL and UL-to-UL interference, there
appear additional two different types of cross-cell interferences
(i.e., DL-to-UL and UL-to-DL interference). Because of these
four different types of interference scenarios, interference
management is more challenging in dynamic TDD systems [5].

The use of multiple-input multiple-output (MIMO)
techniques have been widely studied in order to manage
the complicated interference scenarios in the dynamic TDD
systems, e.g., [6]-[10]. The MIMO techniques can provide
higher spectral efficiency and enhance the reliability of
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wireless links, when the CSI is known [11]. By exploiting
channel reciprocity, the direct beamformer estimation
strategies for dynamic TDD have been provided in [6],
[8]. Recently due to the scarcity of radio spectrum in
the sub-6 GHz spectrum band, there has been growing
interest in the exploration of underutilized millimeter wave
(mmWave) frequency spectrum [12]. The use of dynamic
TDD in mmWave band can further increase the capacity
of communication networks. Unfortunately, the algorithms
that have been proposed in the literature, e.g., [6]-[10] for
dynamic TDD systems are not suitable for mmWave large
scale MIMO systems.

The use of fully-digital beamforming for mmWave large
scale MIMO systems is not practically feasible, due to
its huge implementation cost and power consumption [13]-
[15]. In the hybrid architecture less number of radio
frequency (RF) chains can be deployed compared with
the number of antennas, minimizing the implementation
cost and power consumption. Thus, the use of hybrid
architecture (analog/digital beamforming) is a potential
solution for mmWave communications [13], [14]. However,
the design of hybrid analog/digital beamforming for mmWave
communications in the dynamic TDD systems is challenging.

We consider the problem of weighted sum-rate
maximization (WSRMax) for mmWave communications
with dynamic TDD. The main contribution of the paper is to
propose a direct beamformer estimation approach for hybrid
architecture in mmWave frequency band with dynamic TDD.
In large scale MIMO system CSI acquisition is substantially
challenging and resource consuming. Hence, we propose
an over-the-air (OTA) pilot-aided beamforming technique
by utilizing effective channel [16]. We first design analog
precoder/combiner for each data stream in such a way that
its signal strength is maximized, ignoring the inter-stream
interference. This strategy, in mmWave communications with
large number of antennas, also minimizes the inter-stream
interference that may cause by the main lobe of analog
beamformer. Then we design digital beamformer such that
inter-stream interference is further mitigated, maximizing the
overall weighted sum-rate of the network. It is worth noting
that for the design of digital beamformer, somewhat similar
techniques were used in [8] in the context of fully-digital
MIMO architecture. However, the problem addressed in this
paper is substantially more challenging due to the need of



hybrid architecture for mmWave communications.
II. SYSTEM MODEL

We consider a multi-cell multi-user MIMO system operating
in dynamic TDD mode with B base stations (BSs) each
equipped with N antennas. The set of BSs is denoted by B
and we label them with the integer values 0=1,2,....B. We
denote the set of BSs in DL mode by Bpp, and the set of
BSs in UL mode by Byr. Hence, we have B=Bp, U Byr.
We denote the set of users served by the BS b by K, and we
label them with the integer values k=1, 2, ..., K;. Each user is
equipped with M receive antennas. We assume that the BSs
are equipped with large number of antenna elements compared
with users, i.e., N >> M, and hence we assume that each BS
has hybrid precoding/decoding structure with N®¥ RF chains
(i.e., analog/digital precoding and combining is performed at
BSs) !. It is assumed that for each user d data streams are
allocated, with d < min(N,M).

A. Downlink Scenario

Let U, € CVN*N™ denote analog precoder of BS b and
Vi € CVYxd denote digital precoder associated with kth
user of BS b. Then the signal received by kth user of BS b
can be expressed as

Yok = Hp o Up Virsor + Hp o1 Uy Z Viisy
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where Hp 3 € CMxN ig the channel matrix between bth
BS and kth user of BS b, I:Inu);c € CMxMjg the channel
matrix between I/th user of UL BS n and kth user of DL BS
b, and zy is complex Gaussian noise with covariance o?I.
In expression (1), notation sy € C%*1 denotes information
symbol vector associated with kth user of BS b such that
E[spisti] = I Furthermore, we assume that each element
of analog precoder U, is implemented using a phase shifter,
such that |Uy(i, 5)|? = 1 for all b € Bpr..

We assume a linear receiver, where information symbol is
estimated by linearly combining the received signal vector y
with the combiner Wy, € CM*<, Thus, the symbol sy can

be estimated as
Sok = WY ok (2)
The mean-squared-error (MSE) matrix associated with kth
user of DL BS b can be expressed as

DL a & H
Ep. = El(ser — Sor) (sok — Ser) "]
!For simplicity, we assume that BS has hybrid architecture and user has

fully-digital. But the method we propose can be easily extended for the case
where both BSs and users have hybrid structure.
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where Cy; represents the received signal covariance matrix
and is expressed as
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We obtain the linear minimum mean-square error (LMMSE)
receiver associated with kth user of DL BS b by minimizing
(3), for fixed Vg, and it can be expressed as

Wi = Cpl (Hp o6 Up V). 4

When LMMSE receiver is used, MSE matrix (3) reduces to
Ejr =1—- VL UMHY, Wy (5)
In this paper, we assume Gaussian signaling is used and

interference from all other users and BSs are treated as noise.
Thus, the rate of kth user of DL BS b can be expressed as

Ry, = 1oga [T+ Wi Hy 1 Up Vi Vi U H Y Wi 3, (6)
where Jpy is given by
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B. Uplink Scenario
The signal received by UL BS n can be expressed as
y” = Hg,nlv’ﬂlrnl + Z Hgnkvnkrnk
~—_——
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where Hg’nl € CVXM js the channel matrix between nth BS
and Ith user of BS n, Hy,, € CN*N is the channel matrix
between bth DL BS and nth UL BS, V,;; € CM*d denotes
digital precoder and r,; € C?*! denotes information symbol
associated with /th user of UL BS n. We assume that r,,; is
normalized such that E[r,,;r!},] = L. In expression (7), notation
Z, denotes a complex Gaussian noise with covariance oI
We assume that each BS has hybrid precoder/combiner. Let

U, € C¥*N™ e an analog combiner of UL BS n and



W, € CV™ x4 pe digital combiner associated with Ith user
of UL BS n. Thus, the symbol r,,; can be estimated as

tn = Qui¥n, ®)
where Q,,; = U,,W,,;. We assume that each element of analog

combiner U, is implemented using a phase shifter, such that
|U,.(i,5)|? = 1 for all n € Byr..

The MSE matrix associated with [th user of UL BS n can
be expressed as

Epl = E[(rn — t0) (T — £)"]
=1- VEZHH-MQM - (Vngn,lenl)H + QElCnth
)
where C,, is given by

Co=[o*1+ Y W, U( Y ViViL)UlHY,
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The LMMSE receiver associated with [th user of uplink BS n
can be obtained by minimizing (9) for fixed V,;, and it can
be expressed as
W, = (U,C,U,) 'UH) V.. (10)
When LMMSE receiver is used, MSE matrix (9) reduces to
EV =1-VIiH, U, W,,. (11)
Then the rate of [th user of UL BS n can be expressed as
Ry =logo|Inr + QuHY Vo VI H, Qi ), (12)
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where J,,; is given by
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III. PROBLEM FORMULATION

Let ppr and fin,; be arbitrary nonnegative weights assigned
with kth user of DL BS b and [th user of UL BS n,
respectively. Assuming that the power allocation to bth DL
BS and Ith user of UL BS n are subject to maximum
power constraints Zke)cb Tr(UbekVIIkai{) < P and
Tr(V,u VE) < Pmax | respectively, the problem of WSRMax
with hybrid architecture at BSs can be expressed as

maximize Z Z Lok Rk + Z Z ﬂannl (13a)
beBpL, kEK, neBur lEX,

subject to Z Tr(UbV(,kaHkU},{) < B be Bp
kER,

(13b)

Tr(V,u VE) < P33 n € By, l € Ky (13¢)
Us(i,5)|* =1 Vi,j, beBpL (13d)
U.(i,4)* =1 Vi,j, n€Bur, (13¢)

and
and

Wi_th B vari_ables {ka, ka, Ub}beBDLtkeICb
{Vui, Woi, Up bneByiek, - Expressions  of Ry
R, are defined in (6) and (12), respectively.

IV. ALGORITHM DERIVATION

In this section, we derive a fast but possibly suboptimal
algorithm for NP-hard problem (13). We first design analog
precoder/combiner for each data stream in such a way that its
signal strength is maximized. Then digital precoder/combiner
is designed such that inter-stream interference is further
mitigated, maximizing problem (13).

A. Analog Precoder/Combiner Design

Various optimization techniques have been proposed to
design analog precoder/combiner for the hybrid structure when
the instantaneous CSI is known, e.g., [13], [17]. In this paper,
we propose an OTA pilot-aided beamforming technique for
problem (13) [16]. We use following two methods to design
the analog precoder/combiner.

1) User’s position based analog precoder/combiner design

In this method, we assign analog beamformer to the BSs
from the predefined coodebook by exploiting the location of
the user positions. Here, we briefly outline the procedure of
selecting analog precoders for the DL BSs. Similarly, we can
design analog combiners for the UL BSs.

Let C = {ci(a1),...,cy(an)} € CV*N be the analog
codebook associated with a BS that satisfies constraints (13d)
and (13e). For simplicity, we assume that beamformers
{c1(a;)}i=1,.. n are in two-dimensional space, and they are
resolvable in angular domain (i.e., main lobe of ith beam
c; () is pointing toward angle «; with respect to an antenna
array; see Fig. 1). Then in two-dimensional space, the normal
vector associated with the main lobe of ith beam c;(«;) can
be expressed as ¢; = [cos(a;) sin(a;)]T. Furthermore, let xy,
be the coordinate of kth user associated with BS b, and its
unit direction vector be Xpr = Xp/||Xpk|l2- Then in the case
of line-of-sight (LOS) scenario, the best analog beam that can
be associated with kth user of BS b is given by the following
optimization problem.

(14)

In problem (14), we use notation cgk to denote that analog
beam c; is the best solution for kth user of BS b. If multiple
users, k € KCp, have a same solution (say, c¢;), we can randomly
chose any user and assign it with beam c;. Then for the
remaining users, the analog beams are selected by creating
a subset of codebook C by removing all assigned beams, and
then solve problem (14) on the subset of codebook C. These
steps are repeated until NR¥ number of analog precoders are
selected from codebook C.

, T
Chp = arg max,_;  n XpCi.

2) Beam sweeping

Beam sweeping is one of the important features of 5G-NR
in mmWave communications [4]. Various search schemes such
as exhaustive search or iterative (or hierarchical) search has
been studied in literature [18] to determine suitable direction
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Fig. 1: User’s position based analog beam design. Angle axs
is the angle of 2"? beam with respect to an antenna array.

of transmission and reception. For problem (13), we can design
analog beam by beam sweeping. In order to select analog
beam, orthogonal pilots can be transmitted (in sequentially
or parallel) by using all possible beams from the codebook
C. Then the best beam based on the generated receive power
profile is assigned to user, see Fig. 2. This method is suitable
for both LOS and non-LOS pathloss scenarios

scatterer

- A [SEEEE

(b) receive power profile

(a) beam sweeping

Fig. 2: Beam sweeping illustration: analog beam 1 is
associated for UE based on received power profile.

B. Digital Precoder/Combiner Design

In this section, for fixed analog precoder/combiner,
we design digital precoder/combiner for problem (13) by
exploiting a connection between WSRMax and WMMSE
optimization problems. By following the approach in [19], we
start by writing problem (13) equivalently as the following
WMMSE minimization problem:

minimize Z Z ok Tr(Gor EDL)
beBpL ke,
+ Z Z ﬂanr(GnlEglL) (15)
neByL lEK,
subject to constraints (13b) — (13c¢),
with variables {ka, Wy, Gbk}beBDL,kele and

Vi, Wi, Gt nesys ek, In expression (15), Gy, and

G,,; represents MMSE weight matrices and is given by [19]

Gy, =[BRS G =[BT (16)

Problem (13) and (15) are equivalent in a sense that the

optimal solution of (15) is also optimal for (13); we refer the
interested reader to [19] for more detail.

Recall that in problem (15), the set of UL/DL beamformers
{Vir, Vi }, combiners {Wyy,, W, }, and the MMSE weight
matrices {Gyx, G} are optimization variables. Problem (15)
is not jointly convex in these three set of variables. However,
it is convex in each set of optimization variables {Vpy, an},
{Wy, Wi}, or {Gyr, G} (ice., by keeping other two set
of variables fixed). For fixed { Vi, Vi } and {Gyr,, G}, the
optimal combiners {Wy;,, W,,;} are the LMMSE receivers
and are given by the expressions (4) and (10), respectively.
For fixed {Vyr, Vo } and {Wy, W,,;}, the optimal solution
for {Gyr, G} is given by expression (16).

In the following section we derive an iterative algorithm to
find precoders { Vi, Vi, } for problem (15).

1) Precoder optimization

Problem (15) on variables {Vy, V,;} is a quadratic
optimization problem [20] for fixed {ka,wnl} and
{Guk, Gnl}. Furthermore, this problem decouples across
variables {Vy;} and {V,;}, as the objective and constraints
are separable on these two set of variables.

We first find solution for DL precoder {Vyy }. Problem (15)
on variable {Vy;,} can be expressed as

minimize Y Tr(VH,®,Vir) — 2RTr(Ap Vi)
ke, (17)
subject to Y Tr(Up Vi VILUN) < P b € Bpy,
ke,

where Abk=ukaka5€Hb7ka}) and ®;, is given by

By= > > kU (Wi Hy ) "G (WH Hp 1) U,
pEBa1 k?G]CP
+ Z Z /jnlU};{ (ngﬁgﬁb,n)HGnl (ngﬁgﬁb,n)Ub
neBu lEX,
For the quadratic optimization problem (17), we can easily find
the optimal solution by solving Karush-Kuhn-Tucker (KKT)
conditions, and the solution is given by
Vi = (85 + AU U,) AL (18)
where )y, can be found using bisection search to satisfy power
constraint Y-, ., Tr(Up Vi Vi Upt) < Pex.
We now solve problem (15) for UL precoder {V,;}, and it
can be expressed as
minimize Tr(\_fsl@nl\_/nl) — 2R’I‘r([&nl\7m)
o (19
subject to Tr(anVTIL{l) < n € Bur,l € Ky,
with variable {V,;}nepy,ick,. and where A, =
finiGuWHUTHE | and &, is given by

¢, = Z Z fie (Wi URH, ) R G (W URH,, )
bEBu kEKS
+ Z Z 111 (W o Hot o) G (Wi g ). (20)
bEBa k€K,
Problem (19) is also a quadratic optimization, and hence its
solution by KKT conditions can be obtained as

an - (‘i’nl + AnZI)ilAH

nils

pmax
nl >

21
where Ap,; can be found using bisection search to satisfy power
constraints Tr(V,,; V) < pmax,



Finally, in Algorithm 1 below we summarize the proposed
iterative algorithm to solve problem (13).

Algorithm 1 Bi-directional Signaling for beamformer design

1) Compute analog precoder/combiner by using any
method described in Section IV-A.

2) Compute digital precoder/combiner via OTA signaling :

feasible UL/DL  precoders

{Vng}HEBUL;lEKn’ and

a) Initialize:  set
{ Vi oesor ke
iteration index 7 = 1.

b) Forward pilot signaling each DL-BS and
UL-user transmit pilot signals using precoders
{Végl}bGBDL,keﬁb and {Vilyl}neBUL,l€K:n' Then
each DL-user and UL-BS locally update:

. Ml_\/[SE receivers {W}i)k}bGBDL»kGKb and
{W;Ll}nEBULJGK:n by USing (4) and (10),
respectively.

o weight matrices {G}, }renp, kex, and

{anl}nEBUL,lE/Cn by using (16).

¢) Backward pilot signaling each DL-user
and UL-BS transmits backward pilot signals
in two stages. In the first stage pilot
signal is precoded with MMSE receivers
{Wli)k}bEBDL,kEKb and {W;l}neBULJeK:n'
In the second stage pilot signal is precoded
with weight matrices {G}, Wi, }reBp, kek, and
{G’ZrLlW:LlU:’l}nGBULJGICn'

d) Each DL-BS and UL-user computes precoder
{ng}beBDL,kekjb and {Vill}neBUL,leICn by using
(18) and (21), respectively.

e) STOP, if the stopping criterion (until convergence)
is satisfied. Otherwise, set ¢ = ¢ + 1 and go to
step 2b.

Algorithm 1 starts by computing analog precoder/combiner
by using any one method discussed in Section IV-A.
Then digital precoder/combiner is computed. We adopt OTA
signaling approach in step 2 [8]. We assume orthogonal
pilots for the forward and backward pilot signaling . These
orthogonal pilots are precoded with either precoders, MMSE
filters, or its scaled version. Hence, with the use of forward and
backward pilot signaling we can easily extract all the required
terms to compute precoder/combiner using (4), (10), (18), and
(21) without a need of actual channel estimation. This strategy
is essential for large scale MIMO systems.

V. SIMULATION RESULTS

In this section, we illustrate the performance of the proposed
Algorithm 1 using the setup as shown in Fig. 3. We consider
B = 3 cells (i.e., BSs), where two cells are in DL mode and
one in UL mode. Each BS consist of N = 32 antennas. We
assume that 4 users are associated with each BS and each user
is equipped with M = 2 antennas. We assume BS and user
equipment (UE) communicate via d = 1 data stream.

A geometric path loss model with L scatterring cluster
is considered. Furthermore, we assume uniform linear array

Fig. 3: UL/DL configuration of BSs and user distribution.

(ULA) antenna configuration [11]. Thus, a channel matrix
between DL BS b and kth user of BS b can be modeled as

_n I
MN (dypx 2
Hpy b =1/ I <d0> ;aé,bkar(eé,bk)at(¢é,bk)H7

where dp p. is the distance from BS b to kth user of BS b, dy
is the far field reference distance, 7 is the path loss exponent,
and notation o, ,, € CN(0,1) is the complex gain of Ith path.
Array response vectors ay(6}, ;) and ag(¢} ;) are given by
al‘(ell),bk) — 1/\/M[17 e—jw,ocos&é)bk7 - e—jwp(]b[—l)cos&é)bk]T
at((bé,bk) _ 1/\/N[1’ e—jwpcosqﬁéybk’ - e—jwp(N—l) cosqﬁf,’bk}T’
where w = 27/, A is wavelength, and p is antenna spacing.
Similarly, BS-BS and UE-UE channels are modeled. In the
simulation, we set L = 8, p = \/2, (6},,) € [0,27), and
(6! i) € [0,27). We generate analog codebook C by using
the ULA antenna array response [11, Ch. 7].

We define signal-to-noise ratio (SNR) operating point at cell
edge as SNR(R) = (R/dy) " P /o2, where R is the radius
of the cell. We set R fixed throughout the simulations such
that SNR(R)=10dB for Pém""/a2 = 40dB. In the following
simulations, we set dy = 1, n = 4. Further, we assume equal
priority weight for all users, i.e., {pr = 1} and {fi,; = 1}.

To illustrate the performance of Algorithm 1, we
consider fully-digital MIMO system as a benchmark since
it allows greater flexibility with more degree of freedom
to implement efficient beamforming algorithm and provides
better performance. Furthermore, we also consider alternating
projection algorithm (APA) as described in [21] to get analog
precoder/combiner, and design digital beamformers by using
OTA training step 2 of Algorithm 1. We refer this method as
APA-OTA.

Fig. 4 shows the average weighted sum-rate (WSR) versus
SNR for different values of NRY in LOS scenario. Each
plot is averaged over 500 channel realizations. Results show
that both position-based and beam sweeping for analog
precoder/combiner achieve similar performance for various
values of NBF_ This is because in LOS scenario, same set of
analog beams are optimal for both position-based and beam
sweeping methods. Moreover, results show that both of our
proposed methods outperform APA-OTA.
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Fig. 4: LOS scenario: average WSR versus SNR

Fig. 5 shows the WSR versus SNR for different values of
NEF in non-LOS scenario. Results show that beam sweeping
method in designing analog beams performs better than
the position-based. Furthermore, results show that APA-OTA
method slightly outperforms position-based method. However,
it should be noted that CSI is required in APA-OTA method to
design analog beamformer which is considerably challenging
to obtain in large scale MIMO system.
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Fig. 5: Non-LOS scenario: average WSR versus SNR

VI. CONCLUSIONS

We have considered the problem of weighted sum-rate
maximization for hybrid architecture in millimeter wave
communications with dynamic time division duplexing. We
have proposed an over the air pilot-aided beamforming
technique by exploiting the channel reciprocity. Proper
selection of analog precoder/combiner not only suppresses
large part of interference, but also ensures that less
coordination is required for digital precoder/combiner design.
Analog beamformer is designed for each data stream which
maximizes its desired signal strength, ignoring possible
interferences. Then digital beamformer is designed such that

inter-stream interference is further mitigated, maximizing the
weighted sum-rate of the network.
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